Abstract-The current generation of spaceborne synthetic aperture radar (SAR) systems suffers from a tradeoff between the achievable spatial resolution and swath width. This has motivated intensive research both on more flexible SAR systems, using multiple transmit/receive channels, and on techniques for removing the ambiguities. Among these techniques, the azimuth phase coding (APC), recently proposed to suppress range ambiguities in conventional SAR systems, stands out for its negligible implementation complexity and its effectiveness for point and distributed ambiguities. This paper investigates the possibility of applying the APC technique to the new, forthcoming generation of multichannel SAR systems, based on digital beamforming on receive. The extension of APC to multichannel SAR systems is mathematically described. Specific merit figures are defined to quantify the APC performance. A numerical analysis is developed to characterize the influence on the APC behaviors of the main SAR system parameters. Finally, an example of APC performance is provided, by considering two multichannel SAR systems based on a planar and a reflector antenna.
I. INTRODUCTION
T HE LARGE number of recent and forthcoming spaceborne synthetic aperture radar (SAR) missions for remote sensing, e.g., TerraSAR-X, COSMO-SkyMed, RADARSAT-2, TanDEM-X, Sentinel-1, PAZ, testifies the interest that this sector is currently receiving [1] - [5] . Nevertheless, the present generation of systems still suffers a basic limitation in answering to the final user necessities: it does not allow for high spatial resolution and wide coverage simultaneously [6] . For instance, a resolution around 1 m could be achieved over a swath width of 10 km; whereas a coverage of 100 km allows for SAR final products with a resolution in the order of 16 m. The importance for many applications of earth observation to overcome this limitation has motivated an intensive research. In particular, since the tradeoff between spatial resolution and swath width is inherent to the system concept and originated by ambiguity constraints, the research has been oriented in two main directions: i) new, more flexible SAR systems [7] - [10] ; ii) processing methods for removing the ambiguities from the SAR image [11] - [13] .
The new generation of SAR systems is mainly characterized by the use of multiple transmit/receive channels and proper digital processing techniques, such as the digital beamforming (DBF) on receive. This allows for a relaxation of the design constraints, a general improvement of the SAR performance, and a mitigation of the tradeoff between swath width and spatial resolution [7] , [9] , [10] , [14] .
Among the techniques for ambiguity suppression, the one proposed by Dall and Kusk [13] , denoted as azimuth phase coding (APC), has recently received particular interest because of its indiscriminate applicability to point and distributed ambiguities, its low implementation complexity, and the new degrees of freedom that it offers in the system design [13] , [15] . The APC is conceived for conventional (one transmit, one receive channel) SAR systems and is based on three main steps: i) azimuth phase modulation on transmission; ii) azimuth phase demodulation on reception; and iii) filtering of the SAR azimuth signal over the processing bandwidth. The modulation and demodulation produce a frequency displacement between the spectrum of the useful signal and that of the range ambiguity. Then, in the presence of Doppler oversampling, i.e., of a gap between the processed bandwidth and the pulse repetition frequency (PRF), the final step iii) allows to filter out the ambiguous signal power, which is located outside the bandwidth of interest [13] .
As mentioned, the APC technique proposed by Dall and Kusk is conceived for conventional SAR systems. In [15] , the advantages offered by APC, in terms of design and imaging modes, are explained by considering conventional systems and multichannel systems with multiple independent receivers, i.e., imaging multiple subswathes, each according to a conventional method. With respect to these systems, a multichannel system could be characterized by additional digital signal processing. Specifically, multichannel processing techniques are included, to combine the signals received from the different azimuth channels [8] , [16] - [18] . This allows for simultaneous wide swath and high-resolution imaging. On the other hand, the properties of the APC are no more guaranteed. This paper investigates the behaviors and achievable performance of the APC technique, when applied to a multichannel SAR system based on DBF on receive. As an extension to [15] , multichannel processing techniques are considered [16] - [18] . The paper is organized as follows. Section II briefly recalls the APC technique in the conventional case. In Section III, the extension of APC to a multichannel SAR system is mathematically described. In Section IV, the parameters are defined, to quantify the ambiguity suppression introduced by the APC. Section V is dedicated to a numerical analysis, to evaluate the performance of APC versus the main system parameters of interest: number of receive channels and oversampling. Then, the APC performance is evaluated by considering two examples of multichannel SAR systems, both based on the highresolution wide-swath (HRWS) specifications and employing a planar array and a reflector antenna, respectively [14] , [19] , [20] . Further details on the influence of the multichannel processing approach on the APC performance are provided in the Appendix. Finally, the main conclusions are summarized in Section VI.
II. REVIEW OF THE AZIMUTH PHASE CODING TECHNIQUE
The APC denotes a technique for range ambiguity suppression, conceived for conventional (one transmit, one receive channel) SAR systems [13] . It is based on three main steps: i) azimuth (i.e., pulse to pulse) phase modulation on transmission; ii) azimuth phase demodulation on reception; iii) azimuth filtering over the processing bandwidth.
The modulation/demodulation phases are chosen such that steps i) and ii) cancel each other on the useful signal, which is unchanged by APC; whereas the range ambiguous signals are affected by a residual phase, which depends linearly on the azimuth sample number. As a result, the spectra of the range ambiguities are shifted in the frequency domain and, as they no more superimpose the useful signal, can be filtered out by step iii).
In detail, the APC modulation phase is given by [13] :
where l denotes the Tx pulse number; M ≥ 2 is a positive integer, denoted as APC shift-factor. It is worth noting that for M = 2, the modulation has a particularly simple form. In fact, taking into account the 2π periodicity of (1), ϕ mod (l) assumes alternatively the values 0 and −π/2. In up-to-date SAR systems, such as TerraSAR-X, no additional hardware is required to implement the APC modulation. In fact, it can be realized by an offset phase added to transmitted pulses. These pulses can be characterized by using the existing internal calibration schemes. Alternatively, for a phased array antenna, a different antenna excitation with a phase offset can be used. This can be characterized either on-ground or in-orbit by the standard campaigns [21] .
The APC demodulation phase is given by [13] :
where n is the receive pulse number (or azimuth sample number); the positive integer m accounts for the round-trip delay of the useful signal, τ , which in satellite systems greatly exceeds the pulse repetition interval: m/P RF ≤ τ < (m + 1)/P RF . The range ambiguity of order k has an additional roundtrip delay of k/P RF with respect to the useful signal. As a consequence, after modulation and demodulation, the azimuth signal is affected by the APC residual phase 1 [13] :
where k is the order of range ambiguity (k = 0 for the useful signal). The behaviors of the APC residual phase, ϕ res , versus the sample number n, the order of range ambiguity k, and the APC shift-factor M are represented in Fig. 1(a) . In particular, ϕ res depends linearly on the azimuth sample number, n, with a slope coefficient set by k and M (ϕ res can be equivalently represented in [0, 2π), where it assumes only M different values). Moreover, ϕ res has a periodic behavior versus the order of range ambiguity k. In fact, an equivalent residual phase affects the ambiguities, whose order differs of an integer multiple of the APC shift-factor M ; no residual phase, ϕ res (n, k) = 0, affects (the useful signal and) the ambiguities, whose order is equal to an integer multiple of M . For instance, in case of M = 2, all the range ambiguities of odd order experience the residual phase, ϕ res = 0, π, 0, π, . . .; whereas those of even order are unchanged. In summary, the effect of the APC modulation/demodulation is to multiply the (slow-time) discrete signal, corresponding to the range ambiguity of order k, by a phase term, which is linearly dependent on the sample number with a slope, that is set by the ambiguity order itself and the selected factor M . In the frequency domain, this corresponds to a shift of the Doppler spectrum of the range ambiguity of order k:
where X k (f ) denotes the discrete fourier transform (DFT) of the range ambiguous signal of order k, sampled at the instant t = n/P RF ; X k (f ) the DFT of the original, i.e., without APC, range ambiguous signal of order k;
denotes the APC Doppler shift, set by the order of range ambiguity, k, and by the APC shift-factor, M ; mod{·} P RF/2 the modulus operator, which accounts for the periodicity of the DFT and the limitation of Δf within the interval (−P RF/2, P RF/2]. Fig. 1 (b) outlines the basic effect 2 of APC in the frequency domain: the APC Doppler shift, Δf , represents a displacement between the spectrum of the useful signal and that of the ambiguity, which are no more exactly superimposed. As a consequence, the APC final step iii) allows to filter out that part of the ambiguous power, which is located outside the processed bandwidth, B p . The larger the frequency displacement, Δf , between useful signal and range ambiguity with respect to B p , the larger the ambiguity component that can be filtered out, i.e., the ambiguity suppression achieved by APC. However, Δf cannot be arbitrary large. In fact, the SAR system design is generally performed such that the Doppler oversampling, P RF/B p , is limited.
It is worth noting that M = 2 allows for the best suppression of the range ambiguity of first order, because it maximizes the frequency displacement, Δf = P RF/2, between the useful signal and the range ambiguity of first order. Since this ambiguity generally provides the dominant contribute the SAR image quality degradation, the analysis of the APC performance for M = 2 is particularly significant.
III. APC IN MULTICHANNEL SAR SYSTEMS BASED ON DIGITAL BEAMFORMING ON RECEIVE
In a conventional SAR system, the application of the APC modulation/demodulation produces a residual linear phase on the range ambiguous signals and consequently a Doppler shift of the range ambiguous spectra. In case of a multichannel SAR system, this is not true anymore.
To explain the previous statement, consider the multichannel SAR system represented in Fig. 2 . It employs a single transmit (Tx) and N receive (Rx) azimuth channels. In transmission, the SAR pulse is sent at pulse repetition frequency P RF and a wide azimuth pattern is employed to properly cover, in the Doppler domain, the desired processed bandwidth B p . In general, P RF B p < (N · P RF ). In reception, on each of the N channels, the azimuth signal is sampled at frequency P RF (i.e., the discrete azimuth signal is represented over a 2 The shape of the spectra is simplified and phenomena such as aliasing and elevation pattern weighting are neglected. PRF-width unambiguous frequency interval). Since P RF B p , a multichannel processing should be applied to recover the Doppler spectrum over the processed bandwidth B p . For instance, in [16] , [17] , [22] , a SAR system based on a planar array antenna is considered, where each receive channel is associated with a single subaperture (i.e., to a wide receive pattern) and to the whole processed bandwidth, B p . In this case, the azimuth discrete signal on each receive channel is strongly aliased and the multi-aperture reconstruction algorithm is applied to obtain an unambiguous multichannel signal [16] . Alternatively, in [18] , a reflector-based system is considered, where each receive channel is associated with a sharp pattern, covering a subband of the overall processing bandwidth. Here, a proper spectral combination of the signals at each channel allows retrieving the overall band of interest [8] .
It is worth remarking that the information necessary to successfully apply the multichannel processing is conveyed by the difference in the acquisition conditions at each Rx channel. When the APC modulation/demodulation is applied (see Fig. 2 ), independent on the specific multichannel processing approach, the azimuth signal on each single Rx channel experiences the same residual phases and Doppler shift, given by (3) and (5), as in the conventional SAR case. Since the residual phases at each Rx channel are equal, after multichannel processing, the APC residual phase on the range ambiguous signal has no more a linear trend versus the azimuth sample number, and the properties of APC are no more guaranteed. This assertion is better explained by considering a SAR system based on a planar array antenna, operating with a uniform PRF, 3 i.e., a PRF matched to the antenna length and number of subapertures such that a regular sampling in azimuth results [17] .
In fact, under the hypothesis of uniform PRF, the reconstructed multichannel signal is simply obtained by consecutively interleaving the azimuth samples received by each channel and is equivalent to the Rx signal sampled at the effective PRF, P RF ef f = N · P RF [16] , [17] , [22] . The APC modulation/demodulation produces the same residual phase, given by (3), on the individual N receivers. Therefore, the residual phase on the reconstructed signal, obtained by interleaving the Rx samples, has no more a linear shape but a "stair-shape" (Fig. 3) :
where n mc denotes the sample number after multichannel reconstruction (the time interval between succeeding azimuth samples is 1/P RF ef f ); int{·/N } denotes the integer division by the number of receive channels, i.e., int{n mc /N } is equal to the azimuth sample number n on the single receiver. As in the conventional case, the useful signal is unchanged by APC (ϕ mc res (n, 0, M) = 0), and the residual modulation phase is periodic versus the order of range ambiguity k with period M .
Then, the azimuth reconstructed signal corresponding to the range ambiguity of order k is:
where x r k (n mc ) denotes the original (i.e., without APC) azimuth reconstructed signal corresponding to the range ambiguity of order k. The DFT of (7) describes the effect of APC in the frequency domain:
; ⊗ the convolution operator. It is worth noting that in real scenarios, the useful signal and the range ambiguity are weighted by different portions of the elevation pattern and are hence subject to different attenuations, because they come from different elevation directions. As a consequence, they have in general a different power (the ambiguity is weaker than the useful signal also without the application of the APC). However, here, the effect of the elevation pattern and geometry is neglected, since the aim of this work is to evaluate the APC performance. In particular, it is assumed that, if the APC were not employed, the signal and the range ambiguity at the input of each receive azimuth channel would have exactly the same spectrum and power, which depends only on the two-way azimuth pattern and phase history. In this sense, it is equivalent to speak of "useful signal" or "original" range ambiguity. 4 pictorial representation of the effect of the APC on the received azimuth signal in frequency domain, before (i.e., at single Rx channel level) and after multichannel reconstruction, respectively. The APC shiftfactor M and the number of Rx azimuth channels N are equal to two. With reference to Fig. 4(b) , it is worth noting that, if the APC were applied to an equivalent conventional SAR system operating at P RF ef f = 2P RF , the spectrum of the range ambiguities of odd order would be a replica of the useful signal spectrum centered in P RF .
IV. CHARACTERIZATION OF THE APC BEHAVIOR AND PERFORMANCE
To characterize the effect on the SAR signal of the application of the APC technique and the APC performance, two parameters have been defined:
The APC gain, G apc , provides a measure of the APC range ambiguity suppression and the consequent improvement in terms of SAR image quality. It is measured on the azimuth signal, after multichannel processing, as the reduction of power induced by APC on the range ambiguity of first order. In particular, it is given by the ratio between the power of the original (without application of APC) range ambiguity of first order and that of the same ambiguity with application of the APC, computed over the processed bandwidth, B p :
where X r 1 (f ) denotes the DFT of the original reconstructed range ambiguity of first order; X r 1 (f ) the DFT of the reconstructed range ambiguity of first order in the presence of the APC. The square module | · | 2 of the DFT is the power spectral density (PSD) of the corresponding signal.
It is worth remarking that the range ambiguity of first order is generally expected to produce the dominant contribution to the range ambiguity-to-signal ratio (RASR). As a consequence, G apc provides a measure of the improvement in terms of RASR induced by APC.
The APC gain at single Rx channel, G sc apc , is defined to further characterized the effect of the APC on the SAR signal. It is evaluated before the multichannel processing, at single azimuth Rx channel level. 5 It is given by the ratio between the power of the original (without application of APC) ambiguous signal of first order and that of the same signal with application of the APC, computed over the equivalent processed bandwidth (EPB), B e = B p /N :
where X 1 (f ) denotes the DFT of the original range ambiguity of first order; X 1 (f ) the DFT of the range ambiguity of first order, when APC is applied. The G apc and G 
V. NUMERICAL RESULTS
In this Section, the application of the APC to the forthcoming generation of multichannel spaceborne SAR systems based on DBF on receive is analyzed. First, the APC performance is analyzed versus the main SAR system parameters, which are expected to influence the APC behavior: the number of receive channels and the Doppler oversampling. Then, the APC performance is evaluated for two realistic SAR multichannel systems, based on a planar antenna and a reflector antenna, respectively. 
A. Multichannel SAR Systems
For performance analysis, a reference SAR system based on a planar array antenna with N = 4 receive subapertures is defined. Its parameters, used for APC performance computation, are summarized in Table I (system #3) .
Moreover, three additional SAR systems are considered, to evaluate the behavior of APC versus the number of Rx channels, N . They are obtained from the reference system by modifying the number of receive subapertures/channels from 4 to 8, 2 and 1, respectively (see systems #4 and #2, #1 in Table I ).
The azimuth length of the transmit antenna, L tx , and of the receive subapertures, L rx sa , is the same for all considered systems. As a consequence, also the Tx and Rx azimuth patterns are identical, as shown in Fig. 5 . The multichannel processing is performed according to the multi-aperture reconstruction algorithm, i.e., by assuming that each azimuth Rx channel is associated with a single subaperture, as in [16] , [17] (an alternative multichannel processing approach is described in the Appendix). Therefore, all the considered systems have the same Tx and Rx azimuth patterns. Fig. 6 . APC gain at single Rx channel (M = 2) versus the oversampling factor, for the SAR systems described in Table I , i.e., for different numbers of receive channels (solid: system # 1; dotted: # 2; dashed: # 3; dash-dot: # 4).
It is assumed that the SAR systems are operated at uniform PRF:
where v sat denotes the sensor azimuth velocity. The effective PRF, P RF ef f = 2 · v sat /L rx sa , of the reconstructed azimuth signal is the same for all considered SAR systems. It is reasonable to expect that the performance of the APC depends on the oversampling factor:
In fact, with reference to the azimuth signal on the single Rx channel (i.e., before the multichannel reconstruction), the oversampling factor is proportional to the Doppler shift introduced by APC on the first order range ambiguity, Δf (1, M) = P RF/M, normalized to the EPB, B e .
To investigate the effect of the oversampling, the APC performance has been evaluated for different processed bandwidth values,
where v beam is the beam azimuth velocity on ground and δ az the azimuth resolution. In particular, the processing bandwidth 2316 Hz ≤ B p ≤ 4168 Hz, which corresponds to an azimuth resolution 0.5L tx ≤ δ az ≤ 0.9L tx and an oversampling factor 1.2 ≤ γ ≤ 2.2, has been considered. As regards the backscattered signal, for performance analysis, the echo backscattered from a point target has been considered. Fig. 6 shows the APC gain at single Rx channel, G sc apc , versus the oversampling factor, γ = P RF ef f /B p , obtained for the SAR systems described in Table I , when the APC shift-factor is assumed equal to two M = 2. Fig. 6 shows that for the one-channel system (solid line) 0.893 dB ≤ G sc apc ≤ 3.13 dB, and, as expected, a larger G sc apc is associated with a larger γ. In fact, for N = 1, when the oversampling is higher (the APC Doppler shift, Δf , is constant and the processing bandwidth, B p , smaller), a larger part of the spectrum of the first ambiguity falls outside the processing bandwidth and can be filtered out. This is illustrated in Fig. 7 , which shows the obtained PSD over the P RF interval of the useful signal (or equivalently the original first order ambiguity) and the first order range ambiguity, for different B p values.
With reference to Fig. 7(a) , it is worth noting that the thickness of the PSD curve at the edge of the PRF interval corresponds actually to a fast variation of the spectrum (the apparent compactness is due to the scale of representation). This fast variation is an aliasing effect, produced by the nonfinite Doppler bandwidth of the received echo. (The azimuth ambiguity-to-signal ratio for all the simulated cases varies between −17 dB and −28.5 dB, depending on the selected processed bandwidth.) The PSD in Fig. 7(b) is equal to the PSD in Fig. 7(a) shifted by Δf = P RF/2. Fig. 6 shows also that for the multichannel systems, the G sc apc is approximately equal to 0 dB. The explanation of this result is that, due to aliasing, the useful signal and the ambiguity have almost the same level over the EPB, B e = B p /N . This effect can be seen in Fig. 8 , which reports the PSD over the P RF interval (single Rx channel level) of the useful signal and first order ambiguity, for the reference SAR system (N = 4). (The PSD of the useful signal and ambiguity are normalized to the same value, given by the maximum of the PSD of the useful signal.) Fig. 9 . APC gain (M = 2) versus the oversampling factor, for the SAR systems described in Table I , i.e., for different numbers of receive channels (solid: system # 1; dotted: # 2; dashed: # 3; dash-dot: # 4).
The APC performance, expressed in terms of APC gain, obtained for M = 2, for the SAR systems in Table I , is represented in Fig. 9 versus the oversampling factor γ = P RF ef f /B p .
The Figure shows that for the analyzed cases: i) 0.10 dB ≤ G apc ≤ 3.13 dB; ii) for a given N , the G apc increases with the oversampling factor γ; iii) the G apc decreases for increasing number of channels N ; and iv) the sensitivity of G apc to γ decreases with increasing N . These results are justified by the shape of the residual phase, which implies a spectral spread of the ambiguity, and the decreasing APC Doppler shift of the ambiguity, Δf (1, M) = P RF ef f /(MN), for increasing N .
It is worth noting that γ is independent of the number of receive channels, N . To describe the APC performance of a multichannel system, it could be useful to define the parameter γ 0 , denoted as the normalized oversampling factor, which conveys the information related to the Doppler oversampling and also to the number of channels, N :
The normalized oversampling, γ 0 , is proportional (∝) to the ratio Δf (1, M)/B p of the APC Doppler shift of the first range ambiguity at single Rx channel level, Δf (1, M) = P RF/M, to the processed bandwidth, B p . Moreover, since B p is typically in the order of N · P RF , then both Δf/B p and γ 0 are inversely proportional to N .
The G apc results, already shown in Fig. 9 versus γ, are plotted in Fig. 11 versus γ 0 . Fig. 11 shows that the G apc is almost directly proportional to γ 0 and decreases for increasing number of Rx channels, N . The proportionality between γ 0 and G apc makes the parameter γ 0 suitable to predict the improvement introduced by APC on a given SAR system. It is worth remarking that the APC performance depends also on the azimuth pattern shape (mainlobe width and ripples, sidelobe level . . .). In fact, it is directly involved in the computation of the APC gain and determines the aliasing level. The systems compared in this Section have the same patterns. This allows analyzing the pure effect of the number of Rx channels and of the Doppler oversampling. Nevertheless, it does not help clarifying the influence of the pattern on the APC performance. The effect of the pattern on the APC performance is exemplified in the following paragraphs, by considering two real multichannel SAR systems.
B. HRWS SAR System Based on a Planar Antenna
In this Section, the APC performance is evaluated by considering the HRWS SAR system, the multichannel system, promoted by the German Aerospace Centre (DLR), conceived to obtain simultaneously high-resolution and wide coverage [14] , [19] , [23] , [24] .
The HRWS SAR system is based on the SCan-On-REceive algorithm [14] : a large swath is illuminated by using a wide, static transmit beam; whereas in reception, DBF is employed to obtain a sharp and high gain pattern, which follows the pulse echo travelling along the ground swath. The conflict between swath width and azimuth resolution is overcome by using multiple phase centers located along the azimuth direction and the application of the multi-aperture reconstruction algorithm [16] .
The main parameters of the system are summarized in Table II [19] . As shown in the Table, the HRWS is a monostatic system, based on a planar antenna. The azimuth patterns are shown in Fig. 12 . In particular, in transmission, a wide pattern is obtained by using the whole aperture and the phase spoiling technique; in reception, each channel is associated with the uniform pattern of a single subaperture [19] . This system achieves a spatial resolution of 1 m and a swath width of 70 km in basic stripmap mode [19] .
The APC gain values obtained for M = 2 are: G apc = 0.686 dB and G sc apc = −0.072 dB; the PSD involved in the computation are shown in Fig. 13 . The HRWS system, based on a planar antenna with N = 7 receive channels, has a normalized oversampling factor γ 0 = P RF/B p = 0.28. As a consequence, the aliasing level is high on the single Rx channel. This explains why G sc apc is approximately equal to 0 dB. In Moreover, as expected, the high number of channels is associated with a low G apc . In fact, it corresponds to small values of γ 0 and Δf/B p (for this system, Δf = P RF/2 = 875 Hz B p = 6252 Hz). Consequently, after multichannel reconstruction, also the difference between the spectrum of the signal and of the ambiguity is small [see Fig. 13(c) and (d) ].
C. HRWS SAR System Based on a Reflector Antenna
In this Section, the APC is applied to an alternative design option of the HRWS, currently studied at the German Aerospace Centre (DLR) [18] , [20] , [25] . It is based on a reflector antenna and characterized by the same SAR performance requirements as the planar antenna HRWS system, described in the previous Section. In particular, it achieves a spatial resolution of 1 m and a swath width of 70 km in stripmap mode. The main system parameters are summarized in Table III .
With respect to the planar antenna-based system, in the reflector-based system, a different strategy is used to process the multichannel signal [18] , [20] , [25] . In particular, as for the planar case, a wide Tx azimuth pattern is designed to cover the whole processing bandwidth, B p . Nevertheless, in reception, each azimuth channel is associated with a sharper pattern, covering in a bandpass way a specific Doppler subband, B p,i with i = 1, 2, . . . , N. These Doppler subbands have the same width, approximately equal to B e = B p /N and cover together the whole processing bandwidth: Fig. 14(a) shows an example of azimuth patterns. It is worth noting that the azimuth pattern shape depends on the range position, since azimuth and elevation patterns of a reflector system are not independent of each other [18] , [20] , [25] . The multichannel processing method, based on multirate and DBF processing, could be interpreted as a spectral apposition of the Rx channel contributes over the processed bandwidth, B p , (i.e., as a side by side arrangement of the signals at each Rx channel, made in the frequency domain according to subband associated with the channel) [8] , [18] .
The different multichannel processing approach affects the computation of the APC gains. In particular, for the reflectorbased system (and more in general for multichannel systems using this multichannel processing approach 6 ), the G sc apc and 6 In a planar antenna-based system the multichannel reconstruction could be performed according to this approach as well (see Appendix) [8] .
G apc have approximately the same value and can be computed on the single azimuth channel as (see Fig. 14 
where B p,i denotes the Doppler subband associated with the ith channel; X 1 (f ) the DFT of the original range ambiguity of first order; X 1 (f ) the DFT of the range ambiguity of first order, when APC is applied. In the numerical analysis, for the computation of the APC gain in (16) The obtained APC gain value changes along the swath, due to the variation of the pattern shape [18] , [20] , [25] : 3.22 dB ≤ G apc ≤ 8.60 dB, for M = 2. The APC gain variation demonstrates the important influence on the APC performance of the azimuth pattern shape. In particular, it proves that the APC gain can be considerably different in two SAR systems, characterized by the same number of Rx channels and Doppler oversampling but by different patterns.
The PSD involved in the computation, for the best APC performance case along the swath, is shown in Fig. 15 (the azimuth patterns in Fig. 14 refer also to this case) .
The good APC performance of the reflector-based HRWS system with respect to that of the planar system is justified by the higher oversampling and the more favorable azimuth pattern shape: γ = N P RF/B p = 4.7, γ 0 = P RF/B p = 0.47 (the corresponding parameters for the HRWS planar system are γ = 1.960 and γ 0 = 0.280); the pattern sidelobe level is in the order of − 25 dB and −35 dB in the worst and best performance case along the swath, respectively (for the planar HRWS system it is about −20 dB).
In general, the APC performance of the reflector-based system is expected to be better than that of the planar antennabased system providing the same SAR performance, because the reflector-based systems are usually characterized by a higher oversampling. In fact, a high oversampling is used in reflector systems to reduce the azimuth ambiguities resulting from the degradation of azimuth patterns at the swath edges [25] . As a consequence, reflector-based systems can take better advantage from the application of the APC. 
VI. CONCLUSION
The possibility to apply the APC technique to multichannel SAR systems based on DBF on receive has been investigated. The achievable performance of the APC technique in conventional and multichannel systems has been evaluated.
In particular, a mathematical description of the effect of the multichannel processing on the APC properties has been derived. The reported analysis demonstrates that the multichannel processing affects the APC properties. In fact, it is still true that the APC produces a residual phase on the SAR signal; that this phase depends on the order of range ambiguity and is zero for the useful signal. Nevertheless, the expression of the APC residual phase changes: it has not a linear trend versus the sample number. Consequently, the APC effect cannot be represented by a simple frequency shift of the range ambiguity. Based on this analysis, specific parameters have been defined, to quantify the APC ambiguity suppression. Then, a numerical investigation has been developed, to examine the dependence of the APC performance on the SAR system parameters, number of channels and oversampling. This investigation has been further extended by considering two multichannel SAR systems, utilizing a planar and a reflector antenna.
The obtained results show that also in the multichannel case, the application of the APC technique allows for improved ambiguity suppression. In more detail, an important role on the achievable APC performance is played by the two-way azimuth pattern shape. For a given pattern, the ambiguity suppression achieved by APC is directly proportional to the oversampling factor, γ = N P RF/B p , and inversely proportional to the number of receive channels N . In a concise way, it is roughly proportional to the so-called normalized oversampling factor,
A large oversampling does not typically occur in multichannel systems based on a planar antenna architecture, but could be achieved in reflector-based systems. As a consequence, the use of the APC technique is recommended in reflector-based systems. For instance, in the analyzed reflector-based system, characterized by a γ 0 = 0.47 and an azimuth pattern sidelobe level between −25 dB and −35 dB, the suppression of each ambiguity of odd order reaches values between 3 dB and 8 dB. In planar array systems, the expected improvement introduced by APC is generally smaller. For instance, in the planar antenna HRWS system, characterized by a γ 0 = 0.28 and an azimuth pattern sidelobe level of −20 dB, it is about 0.7 dB. However, regardless of the actual ambiguity suppression, it could be reasonable to recur to APC, given the low implementation complexity of the technique and the increased flexibility in the SAR system design that it offers. Finally, it is worth remarking that APC can be effectively utilized in SAR systems for high-resolution and wide swath imaging, operating with a single azimuth but multiple elevation channels. Such systems simultaneously image multiple (up to 20) swathes and employs a high PRF to achieve the required azimuth resolution [8] . Here, the APC may become extremely attractive because range ambiguities are the system performance driver and they could be significantly attenuated through APC, working with a high oversampling.
APPENDIX
In this Section, the APC gain in planar systems is evaluated by assuming that the multichannel processing is performed according to the approach based on multirate and DBF processing, considered so far only for the reflector system [8] , [18] . According to this approach, in transmission, a wide azimuth pattern illuminates the whole processing bandwidth, B p ; whereas in reception, each of the N Rx azimuth channel is associated with a sharper pattern and a specific Doppler subband, B p,i , as in (15) . In particular, let us assume that each Rx channel is associated with the total azimuth receive aperture [8] . Then, as in the reflector case, the APC gain can be measured at single Rx channel level. In particular, by using (16) , it is given by: where X T L 1 (f ) denotes the DFT of the original range ambiguity of first order; X T L 1 (f ) the DFT of the range ambiguity of first order, when APC is applied; the apex "TL" is used to recall that the corresponding quantity is obtained by using the total length (TL) of the Rx aperture. The previous results can be explained by looking at Fig. A.2 , which shows the azimuth patterns of the systems considered in Section V-A with N = 1, 2, 4 Rx azimuth channels. In the TL case, the azimuth receive pattern is no more independent on number of Rx channels, but became sharper in the mainlobe as N increases. Accordingly, the ratio between the two-way pattern mainlobe width and the bandwidth of interest for the computation of G T L apc and G apc (B e = B p /N for G T L apc , B p for G apc ) is similar, though a little more disadvantageous in the TL case (since only the Rx pattern is different, the two-way pattern is proportionally wider in the computation of G T L apc than in G apc ).
For the planar HRWS system described in Section V-B, G T L apc = 1.065 = 0.275 dB and G apc = 1.171 = 0.686 dB. In this case, with respect to the previous results, the difference between the two APC gain values is larger. This is mainly due to the irregularity of the HRWS azimuth Tx pattern over the processed bandwidth (see Figs. 12 and A.3) , which affects the approximation in (A.1) and makes the G T L apc value slightly dependent on the subband of computation.
However, based on the previous results and considerations it is reasonable to expect that the APC performance weakly depends on the specific multichannel processing approach.
